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We present a search for the flavor-changing neutral current decay BS ^  using about
0.45 fb_1 of data collected in pp collisions at ^fs= 1.96 TeV with the D 0  detector at the Fermilab 
Tevatron Collider. We find an upper limit on the branching ratio of this decay normalized to
4B° —> J/ip<t> of  ^ < 4.4 x 10 3 at the 95% C.L. Using the central value of the world
average branching fraction of BS0 ^  J/^<f>, the limit corresponds to B (B 0 ^  ) < 4.1 x 10-6
at the 95% C.L., the most stringent upper bound to date.
PACS numbers: 13.20.He, 12.15.Mm, 14.40.Nd
The investigation of rare flavor changing neu tral cur­
ren t (FCNC) B  meson decays has received special a tten ­
tion  in the  past since this opens up the possibility of pre­
cision tests of the  flavor s truc tu re  of the stan d ard  model 
(SM). In the SM, FCNC decays are absent a t tree level 
b u t proceed a t higher order th rough  electroweak pen­
guin and box diagram s. FCNC decays are sensitive to  
new physics, since decay am plitudes involving new par­
ticles interfere w ith SM am plitudes. A lthough inclusive 
FCNC decays like B  ^  X sl + l -  or B  ^  X sy are the­
oretically easier to  calculate, exclusive decays w ith one 
hadron  in the  final s ta te  are experim entally easier to  
study. For instance, the exclusive decays B0 ^  K * l + l -  
and B ±  ^  K ±  l + l -  have been already m easured a t B- 
factories [1, 2] and were found to  be consistent w ith the 
SM w ithin the present experim ental uncertainties. Re­
lated  to  the same quark-level transition  of b ^  s l + l -  is 
the corresponding exclusive FCNC decay B 0 ^  ^m+M-  
in the B 0 meson system . An observation of th is decay or 
experim ental upper lim it on its ra te  will yield additional 
im portan t inform ation on the flavor dynam ics of FCNC 
decays.
W ithin  the SM, the decay ra te  for the B 0 ^  ^  m+M-  
decay, neglecting the interference effects w ith the much 
stronger B 0 ^  J / ^ ^  and B 0 ^  ^ (2 S ) ^  resonance de­
cays, is predicted to  be of the order of 1.6 x 10-6  [3] 
w ith about 30% uncertain ty  due to  poorly known form 
factors. The interference effects w ith the B 0 resonance 
decay am plitudes are large, w ith their expected m agni­
tude depending on the exact modeling of the  charmo- 
nium  sta tes [4]. To separate experim entally the  FCNC- 
m ediated process B 0 ^  ^M+ M- , one has to  restric t the 
invariant m ass of the final s ta te  lepton pair to  be outside 
the charm onium  resonances. Presently, the only existing 
experim ental bound on the B 0 ^  ^  m+M-  decay is given 
by CD F from the analysis of R un I d a ta  [5]. CD F sets 
an upper lim it a t the 95% C.L. of B (B 0 ^  ^M+ M- ) < 
6.7 x 10- 5 .
In this Letter, we repo rt on a new experim ental lim it 
on the decay B 0 ^  ^  M+M- , th a t is an order of m agnitude 
m ore stringent th an  the existing lim it. The ^  mesons 
are reconstructed  th rough  their K + K -  decay mode and 
the invariant m ass of the two m uons in the final s ta te  is 
required to  be outside the charm onium  resonances. The 
events in our search are norm alized to  resonant decay 
B 0 ^  J/-0  ^  events. Using the  B 0 ^  J / ^ ^  mode as 
the norm alization channel has the advantage th a t the 
efficiencies to  detect the ^ m+ M-  system  in signal and 
norm alization events are similar, and system atic effects
tend  to  cancel.
The search uses a d a ta  set corresponding to  approx­
im ately 0.45 fb-1 of pp  collisions a t a/s =  1.96 TeV 
recorded by the D 0  detector operating a t the  Ferm ilab 
Tevatron Collider. The D 0  detector is described in de­
ta il elsewhere [6]. The m ain elements relevant for this 
analysis are the central tracking and m uon detector sys­
tems. The central tracking system  consists of a silicon mi­
crostrip  tracker (SMT) and a central fiber tracker (C FT), 
bo th  located w ithin a 2 T  superconducting solenoidal 
m agnet. The m uon detector, which is located outside 
the calorim eter, consists of a layer of tracking detectors 
and scintillation trigger counters in front of 1.8 T  toroidal 
m agnets, followed by two more sim ilar layers after the 
toroids, allowing for efficient m uon detection out to  pseu­
dorap id ity  (n) of ±2.0.
Dimuon triggers were used in the d a ta  selection for this 
analysis. A trigger sim ulation was used to  estim ate the 
trigger efficiency for the  signal and norm alization sam ­
ples. These efficiencies were also checked w ith d a ta  sam ­
ples collected w ith single m uon triggers. The event pre­
selection s ta rts  w ith a loose selection of B 0 ^  ^  m+M-  
candidates. These candidates are identified by requir­
ing exactly two muons fulfilling quality  cuts on the num ­
ber of h its in the m uon system  and the two additional 
charged particle tracks to  form a good vertex. The re­
constructed  invariant m ass of the B 0 candidate should 
be w ithin 4.4 <  m ^ M+ <  6.2 G eV /c2.
We then  require the  invariant mass of the two muons 
to  be w ithin 0.5 <  m M+ <  4.4 G eV /c2. In this mass re­
gion, the J / - 0 ( ^  m+M- ) and ^ ( 2 S ) ( ^  m+ M- ) resonances 
are excluded to  discrim inate against dom inant resonant 
decays by rejecting the mass region 2.72 <  m M+ <
4.06 G eV /c2. The J/-0  mass resolution in d a ta  is given 
by a G aussian distribu tion  w ith a  =  75 M eV /c2. The re­
jected  m ass region then  covers ± 5 a  wide windows around 
the resonance masses.
The x 2/d .o .f . of the  two-muon vertex is required to  
be less th an  10. The tracks th a t are m atched to  each 
m uon are required to  have a t least three (four) m easure­
m ents in the SMT (C FT) and the transverse m om en­
tu m  of each of the m uons (p ^ ) is required to  be greater 
th an  2.5 G eV /c w ith |n| <  2.0 to  be well inside the fidu­
cial tracking and m uon detector acceptances. In order 
to  select well-measured secondary vertices, we define the 
two-dim ensional decay length L xy in the plane transverse 
to  the  beam line, and require its uncertain ty  ¿L xy to  be
Iless th an  0.15 mm. L xy is calculated as L xy = vt*BT , 
where p |i is the transverse m om entum  of the  candidate
5B 0, and lvtx represents the  vector pointing from the pri­
m ary  vertex to  the secondary vertex. The uncerta in ty  on 
the transverse decay length, ¿L xy, is calculated by taking 
into account the  uncertainties in b o th  the prim ary  and 
secondary vertex positions. The prim ary  vertex itself is 
found for each event using a beam -spot constrained fit as 
described in Ref. [7].
Next, the  num ber of B 0 ^  M-  candidates is fur­
th er reduced by requiring pB >  5 G eV /c and asking the 
B 0 candidate vertex to  have x 2 <  36 w ith 5 d .o.f. The 
two tracks forming the ^  candidate are further required 
to  have p T >  0.7 G eV /c and their invariant m ass w ithin 
the range 1.008 <  <  1.032 G eV /c2. The successive 
cuts and the rem aining candidates surviving each cut are 
shown in Table I . We apply the same selection for the
TABLE I: Number of candidate events surviving the cuts in 
data used in the pre-selection analysis.
Cut Value #  candidates
Good B0 vertex 1555320
Mass region (GeV/c2) 0.5 < m M+M-  <4.4 
excl. J /^ ,^ (2 S )
530892
Muon quality 276875
X2/d.o .f. of vertex < 10 127509
Muon pT (GeV/ c) > 2.5 73555
Muon |n| < 2.0 72350
Tracking hits CFT> 3, SMT > 2 58012
SLXy (mm) < 0.15 54752
B 10 candidate pT (GeV/c) > 5.0 54399
B (0 x 2 vertex < 36 53195
Kaon pT (GeV/ c) > 0.7 9639
(f> mass (GeV/c2) 1.008 < rn•,$ <1.032 2602
resonant B 0 ^  J/-0  ^  candidates except th a t  the invari­
an t m ass of the m uon pair is now required to  be w ithin 
±250 M eV /c2 of the  J/-0  mass.
For the final event selection, we require the  candidate 
events to  satisfy additional criteria. The long lifetime 
of the  B 0 mesons allows us to  reject the random  combi­
natoric background. For th is purpose we use the decay 
length significance L xy/¿ L xy as one of the  discrim inating 
variables, since it gives be tte r discrim inating power th an  
the transverse decay length alone.
The fragm entation characteristics of the b quark  are 
such th a t m ost of its m om entum  is carried by the B 
hadron. Thus the num ber of ex tra  tracks near the  B 0 
candidate tends to  be small. Therefore the  second dis­
crim inant is an isolation variable, I ,  of the  m uon and 
kaon pairs, defined as:
T = _________|p(^M+M- )l_________ m
\p {4> n+¡i-)\ +  E  P i ( A n < i ) '
track i=B
Here, E  Pi is the  scalar sum  over all tracks exclud-
track i=B
ing the m uon and kaon pairs w ithin a cone of A R  <  1
around the m om entum  vector p(4> ) of the  B°s can­
didate  where A R  =  (A 4>)2 +  (Ary)2. The final discrim ­
inating  variable used is the pointing angle a , defined as 
the angle between the  m om entum  vector p(^M + M- ) of 
the B 0 candidate and the vector lvtx between the pri­
m ary  and secondary vertices. This requirem ent ensures 
consistency between the direction of the  decay vertex and 
the m om entum  vector of the B 0 candidate.
We generate signal M onte Carlo (MC) events for the 
decay B 0 ^  ^  m+M-  using a decay model which includes 
the NNLO improved W ilson coefficients [8] for the short- 
distance p art. The form factors obtained from QCD 
light-cone sum  rules are taken from Ref. [9]. These form 
factors were originally determ ined for B  ^  K* tra n ­
sitions and were com pared w ith experim ental m easure­
m ents of the branching fraction B(B0 ^  K * l+ 1 - ) in 
Ref. [8]. Recently, new form factors for the  B 0 ^  ^  tra n ­
sition, obtained from the light cone QCD sum  rules, were 
published [10]. The difference between the form factors 
in Ref. [8] and those in Ref. [10] reaches 20% for m M+ M-  < 
1 G eV /c2, while elsewhere it rem ains well below 10%.
The analysis is carried out based on signal MC events 
in the B 0 m ass region and on d a ta  events in regions ou t­
side the  experim ental signal window defined as 4.51 < 
m-0M+ M-  <  6.13 G eV /c2. A 44 M eV /c2 mass shift in 
the m ass region of in terest is in troduced to  calibrate the 
D 0  tracker.
In order to  avoid biasing the analysis procedure, d a ta  
candidates in the  signal m ass region are not exam ined 
until com pletion of the analysis, and events in the side­
band  regions around the B 0 mass are used instead. The 
expected m ass resolution for B 0 ^  ^M+ M-  in the  MC is 
75 M eV /c2. The s ta r t (end) of the  upper (lower) side­
band  was chosen such th a t it is a t least 270 M eV /c2 away 
from the B 0 mass. The w idths of the sidebands used 
for background estim ation are chosen to  be 540 M eV /c2 
each. The size of the blind signal region is ±225 M eV /c2 
which corresponds to  a ± 3 a  region around the B 0 mass. 
To determ ine the  final lim it on the branching fraction, 
we use a sm aller mass region of ± 2 .5a.
A random -grid search [11] was used to  find sim ultane­
ously the optim al values of the discrim inants by m axi­
mizing the figure of m erit [12] P  = eSig/ ( a / 2  +  y^back)- 
Here, esig is the reconstruction  efficiency of the signal 
events relative to  the  preselection (estim ated using MC), 
and N back is the  expected num ber of background events 
in terpolated  from the sidebands. The constan t a is the 
num ber of stan d ard  deviations corresponding to  the con­
fidence level a t which the signal hypothesis is tested . This 
constant a was set to  2.0, corresponding to  about the  95%
C.L. After optim ization, we find the following values for 
the discrim inating variables: L xy/¿ L xy >  10 .3 ,1  >  0.72, 
and a  <  0.1 rad.
The to ta l signal efficiency relative to  pre-selection of 
the three discrim inating cuts is (54 ±  3)% where the un­
certa in ty  is s ta tistical only. After a linear in terpolation  of
6the sideband population  for the whole d a ta  sam ple into 
the mass window signal region, we obtain  an expected 
num ber of 1.6±0.4 background events w ith sta tistica l un­
certa in ty  only.
U pon exam ining the d a ta  in the  mass region, zero can­
d idate  events are observed in the signal region, consistent 
w ith the background events as estim ated  from sidebands. 
Figure 1 shows the rem aining events populating the lower 
and upper sidebands. The Poisson probability  of observ­
ing zero events for an expected background of 1.6 ±  0.4 
is p  =  0.22 .
gion J / - 0 ( ^  m+M- )^  is negligible. We therefore con­
stra in  the two muons to  have an invariant m ass equal 
to  the J/-0  m ass [13] when calculating the m+M- K + K -  
invariant mass. The m ass spectrum  of the reconstructed 
B 0 ^  J /-0  ^  is shown in Fig. 2 . A fit using a G aussian 
function for the  signal and a second order polynom ial for 
the background yields 73 ±  10 ±  4 B 0 candidates, where 
the first uncerta in ty  is due to  sta tistics and the second 
represents the  system atic uncertain ty  which is estim ated 
by varying the fit range as well as the  background and 
signal shape hypotheses.
N 2
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FIG. 1: The invariant mass distribution after optimized re­
quirements on the discriminating variables. The solid line 
shows the sidebands background interpolation into the signal 
region.
In the absence of an apparen t signal, a lim it on the 
branching fraction B (B 0 ^  ^M+ M- ) can be com puted 
by norm alizing the upper lim it on the num ber of events 
in the B 0 signal region to  the num ber of reconstructed 
B 0 ^  J / ^ ^  events:
(2)
B(Bs — J / ’4’4>) n b° e^M+ M-
where N ul is the  upper lim it on the num ber of signal de­
cays, estim ated  from the num ber of observed events and 
expected background events, and N Bo is the  observed 
num ber of B 0 ^  J /-0  ^  events. The m easured branching 
fractions are B (J/-0  ^  m+ M- ) =  (5.88 ±  0.10) x 10-2  
and B (B 0 ^  J /-0 ^ )  =  (9 .3± 3.3) x 10-4  [13]. The global 
efficiencies of the signal and norm alization channels are 
e0M+M- and e j /^0 respectively, and include all event se­
lection cuts and the acceptance relative to  the  entire di­
m uon m ass region. They are determ ined from MC yield­
ing an efficiency ra tio  of (e j /^ 0/e 0M+M- ) =  2.80 ±  0.2 1 , 
where the uncerta in ty  is due to  MC statistics. Applying 
no cut around the charm onium  resonances the efficiency 
ra tio  would be (e j /^ 0/ e 0M+M- ) =  1.06 ±  0.07. In order 
to  avoid large uncertainties associated w ith the poorly 
known branching fraction of B 0 ^  J / ^ ^ ,  we normalize 
the lim it of B 0 ^  ^m+M-  relative to  B (B 0 ^  J / ^ ^ )  as 
shown by Eq. 2 .
The same cuts are applied to  the B 0 ^  J/-0  ^  candi­
dates. The contam ination  of m uon pairs from the non­
resonant ^  m+M-  decay in the resonant norm alization re-
FIG. 2: The normalization channel B^ —— j/ip $ .
The different sources of relative uncerta in ty  th a t enter 
into the lim it calculation of B of B 0 ^  ^  m+M-  are given 
in Table I I . The largest uncertainty, 25%, is due to  the 
background in terpolation into the signal region and is 
based on the sta tistica l uncerta in ty  of the  fit integral. 
The uncerta in ty  on the num ber of observed B 0 ^  J/-0  ^  
events in the norm alization channel is 14.8%.
The p T d istribu tion  of the  B 0 in d a ta  is on aver­
age slightly higher th an  th a t from MC. Therefore, MC 
events for the signal and norm alization channels have 
been reweighted accordingly and an additional uncer­
ta in ty  of 3.7% is applied. The CP-even signal MC events 
are generated w ith a B 0 lifetime of 1.44 ps [14]. To 
account for a possible efficiency difference related  w ith 
the shorter lifetime of the CP-even B 0, the signal MC 
events are weighted according to  the  combined world av­
erage CP-even lifetime [15]. The efficiency difference is 
estim ated to  be 8% which is taken  as an additional sys­
tem atic uncertainty. The sta tistical uncertain ty  on the 
efficiency ra tio  e j /^ 0/ e 0M+M- is found to  be 7.5%. The 
signal efficiency obtained from MC is based on the in­
pu t for the NNLO W ilson coefficients and form factors 
of Ref. [8]. We do not include any theoretical uncertain ty  
in our system atics uncerta in ty  estim ation.
The sta tistical and system atic uncertain ties can be in­
cluded in the lim it calculation by in tegrating  over proba­
bility  functions th a t param eterize the uncertainties. We 
use a prescription [16] where we construct a frequentist 
confidence interval w ith the Feldm an and Cousins [17] or­
dering scheme for the  MC integration. The background
7TABLE II: The relative uncertainties found for the upper 
limit on .
Source Relative Uncertainty [%]
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is modeled as a G aussian d istribu tion  w ith its m ean value 
equal to  the expected num ber of background events and 
its s tan d ard  deviation equal to  the  background uncer­
tainty. Including the sta tistical and system atic uncer­
tainties, the Feldm an and Cousins (FC) lim it is
M+ M ) A A ('i x.) v Ifl-3
a t the  95% (90%) C.L. respectively. Taking a Bayesian 
approach [18] w ith a flat prior and the uncertainties 
trea ted  as G aussian d istributions in the integration, 
we find an upper lim it of B (B 0 ^  ^ m+ M- ) /B (B 0 ^  
J/-0  ^) <  7.4 (5.6) x 10-3  a t the 95% (90%) C.L., respec­
tively.
Since we have fewer events observed th an  expected, we 
also quote the sensitivity  of our search. Assuming there 
is only background, we calculate for each possible value of 
observation a 95% C.L. upper lim it weighted by the Pois­
son probability  of occurrence. Including the sta tistical 
and system atical uncertainties, our sensitivity is given by 
(B(B0 ^  ^ m+ M- )>/B(B0 ^  J / ^ )  =  1.1(1.2) x 10-2 
a t the 95% C.L. using the FC (Bayesian) approaches, 
respectively.
Using only the central value of the world average 
branching fraction [13] of B (B 0 ^  J/^^> ) =  (9.3±  3.3) x 
10- 4 , the  FC lim it corresponds to  B (B 0 ^  ^ m+M- ) <  
4.1 (3.2) x 10-6  a t the  95% (90%) C.L. respectively. This 
is presently  the  m ost stringent upper bound and can be 
com pared w ith the SM calculation of B (B 0 ^  ^ m+M- ) =
1.6 x 10-6  of Ref. [3].
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